Introduction
The study of atmospheric trace gases has a great role to play in terms of global climate change and atmospheric chemistry. The increase in population growth, accompanied by industrial development and deforestation, have altered the tropical environment. The impact of these changes on atmospheric composition and climate are not fully known due to poor understanding of the physical and chemical processes that govern tropical atmosphere (Petersen, 2009, and references therein) . The previous studies show that no significant ozone loss is observed over the tropical stratosphere (Fishman et al., 2005 , and references therein); however, recent study shows that O 3 rich airmass can be injected into lower latitudes all the way to equatorial Africa episodically (Mengistu Tsidu and Ture, 2013) . Therefore, it is very important to get a clear understanding about this region because this layer also determines the concentration of many short-lived species that are entering into the stratosphere.
Ozone is the most important trace gas, which exists in its largest relative abundance in the stratosphere, between ∼ 15 and 50 km altitude. O 3 absorbs solar ultraviolet (UV) radiation with wavelengths between 200 and 300 nm, shielding the surface of the Earth from this harmful radiation. The main source of ozone is photolysis reaction. However, O 3 is also destroyed through a number of chemical reactions with other stratospheric trace gases. Ozone in the troposphere is also an important greenhouse gas. Tropospheric ozone is formed through a photochemical process from the natural and anthropogenic emissions.
The tropical NDACC (Network for the Detection of Atmospheric Composition Change) stations at which FTIR measurements are performed are Mauna Loa (19.54 • N, 155.6 • W) (Rinsland et al., 1988) and Paramaribo (5.8 • N, 55.2 • W) (Petersen et al., 2008 (Petersen et al., , 2010 . Our measurement, Addis Ababa (9.01 • N latitude, 38.76 • E longitude, 2443 m altitude above sea level), is also located in the tropics. It is the first high resolution FTIR spectrometer on the African continent. The FTIR at Addis Ababa is planned to be part of the NDACC network that has been monitoring long-term atmospheric composition changes. In this study, intercomparisons of vertical profiles and column amounts retrieved from solar spectra observed by Fourier Transform Spectrometer at this site and satellite measurements in different observing modes are made. The observed differences between observations from ground-based FTIR and satellites are investigated based on a full error characterisation analysis.
The paper is structured as follows: Sect. 2 introduces the measurement site and the FTIR spectrometer. Section 3 provides discussion of spectral analysis. Section 4 provides a short description of satellite measurement techniques and this is followed by the detailed intercomparison of the satellite measurements in Sect. 5. Finally, conclusions are given in Sect. 6.
Measurement site and instrumentation

Measurement site
Addis Ababa is located at 9.01 • N latitude, 38.76 • E longitude, 2443 m altitude above sea level, which is in the equatorial region. It is relatively dry due to its topography, making it robust for monitoring trace gas species in the tropics since interference of tropospheric water vapour absorption lines is of minor relevance. Moreover, the typical tropopause height for tropical regions is between 16 to 18 km, and the corresponding temperature is about 200 K. The tropical tropopause region is the transition layer between the dynamical control of the vertical mass flux by tropospheric convection and by the stratospheric Brewer-Dobson circulation (Holton, 2004; Jacobson, 2005) . Thus, the site is highly affected by tropical dynamics allowing us to understand processes that modulate tropical dynamics from the observed variation in the measurement of atmospheric trace gases. Ethiopia experiences generally southwesterly moisture laden air from South Atlantic and Indian Ocean during northern summer, whereas it is under the influence of dry continental northeasterly winds during northern winter. The detailed climatology of the region is described by Mengistu Tsidu (2012) and references therein. Therefore, this FTIR site is also ideal to observe seasonal variation as ITCZ migrates north-south with season across the site.
The FTIR spectrometer and retrieval
The BRUKER interferomenter is based on the IFS-120M model, but upgraded with the new electronics of the model IFS-125M. The FTIR spectrometer has two detectors: mercury-cadmium-telluride (Hg-Cd-Te) and indium antimonide (InSb), which allow coverage of the 600-1500 and 1500-4400 cm −1 spectral intervals, respectively. Recently, a new laser source with power supply has been mounted on this interferometer in order to improve the laser signal that reaches the detector to attain stable movement of the optics. Typically, spectral resolution of 0.009 cm −1 is applied. FTIR spectrometer makes direct solar absorption measurements throughout the day, under clear sky conditions. The spectra are typically constructed by co-adding up to 10 scans recorded in about 8 min. A very large number of species of atmospheric relevance can be detected owing to its wide spectral coverage. In this paper, O 3 VMR profiles and column amounts are derived from measured spectra using version 9.5 of the retrieval code PROFFIT.
PROFFIT was developed to analyse solar absorption spectra measured with high-resolution ground-based FTIR spectrometers; and it has been compared to other retrieval codes (Hase et al., 2004 (Rothman et al., 2005) . PROF-FIT includes various retrieval options such as scaling of a priori profiles, the Tikhonov-Phillips method (Phillips, 1962; Tikhonov, 1963) , or the optimal estimation method (Rodgers, 1976) . In this study, Tikhonov-Phillips regularisation method is used during the retrieval. The retrieved state vector contains the retrieved logarithm of volume mixing ratios of the target gas defined in discrete levels in the atmosphere and retrieved interfering species column amounts, and fitted values for some model parameters. These include the baseline slope and instrumental line shape parameters. The retrieval of O 3 VMR profiles is performed on a logarithmic scale because O 3 concentrations around the tropopause are highly variable. Under these conditions a logarithmic scale inversion is superior to a linear inversion (Hase et al., 2004; Schneider et al., 2006a) .
As discussed in Rodgers (2000) , the Optimal Estimation Method allows the characterisation of the retrievals, i.e., the vertical resolution of the retrieval, its sensitivity to the a priori information and degree of freedoms for signal (DOFs) are quantitatively described. The retrieved state vectorx related to the a priori and the true state vectors x a and x, are given bŷ
respectively, whereÂ is averaging kernel matrix. The actual averaging kernels matrix depends on several parameters including the solar zenith angle, the spectral resolution and signal-to-noise ratio, the choice of retrieval spectral microwindows, and the a priori covariance matrix S a . The elements of the averaging kernel for a given altitude give the sensitivity of the retrieved profile at that altitude to the real profile at each altitude, and its full width at half maximum is a measure of the vertical resolution of the retrieval at that altitude (Vigouroux et al., 2007) . Error estimation analysis is based on the analytical method suggested by Rodgers (2000) :
wherep, p are the estimated and real model parameters, respectively,Ĝ is the gain matrix,K p is the model parameter sensitivity matrix and represents noise. The first term in Eq. (1) represents the smoothing error. The second term stands for the estimated error due to uncertainties in input parameters, such as instrumental parameters or spectroscopic data, the p −p is only valid for fully correlated perturbations of p (assuming that p is a vector). In addition, the third term represents the error due to the measurements noise.
The full width at half maximum of absorbtion lines of stratospheric gases and of ILS have similar magnitudes. Therefore, regular cell measurements using the LINEFIT software (Hase et al., 1999) were used to derive the instrument line shape (ILS) of the spectrometer so that it could be used in the retrievals. Using the globar as a source of IR radiation, up to 100 scans are co-added to get spectra with and without the presence of an HBr cell placed in the parallel beam of a radiation source. The LINEFIT software was used to compute ILS by comparing the measured line shape with the theoretical one. We obtained modulation efficiency and phase error during the measurement period May 2009 to February 2011 as in Fig. 1 . Figure 1 illustrates that the modulation efficiency remains nearly constant with minor fluctuation over a range of 98-100 %. The phase error is also confined to ±0.02 rad. Therefore, there was an excellent instrumental alignment for a period of more than 2 yr considered in this study. However, we found that at the beginning of the observation period, there were low ADC (Analog to Digital Convertor) counts which we are unable to pinpoint as to its cause from our metadata. Hence, the results for May and June 2009 are excluded from the intercomparison.
Information content and error analysis
The information on the retrieval of vertical distribution and column amounts of O 3 from ground-based high resolution FTIR spectra are discussed in the following. Information on the vertical distribution of O 3 is obtained from the spectra because the shape of the absorption features are influenced by pressure broadening. While the line centres provide information about the higher altitudes of the distribution, the wings of a line provide information about the lower altitudes. Therefore, the information content of the retrieval will strongly depend on the choice of the absorption lines. The other important requirement that has been taken into consideration to perform this task successfully is a good knowledge of pressure and temperature profiles. Sensitivity of retrieval as function of altitude and error budget have been analysed thoroughly to ensure information coming from the measurement overweighs that from the a priori as much as possible as a trade off between getting a smoothed profile and enhancing information from measurement. Spectral microwindows found to be best in this sense for O 3 retrievals are those near 3041, 3045 and 3051 cm −1 , for the InSb measurements. These spectral regions have high sensitivity in the stratosphere and negligible sensitivity in the troposphere. The micro-windows near 1000 cm −1 are best suited for the retrieval of ozone since they have highest sensitivity to both the stratosphere and troposphere which has been reported in different papers (Barret et al., 2002 (Barret et al., , 2003 Schneider et al., 2008; Lindenmaier et al., 2010) for the MCT measurement, however, in our case, we have far more InSb measurements than MCT measurements. Moreover, the few observations that exist in MCT detection range are of bad quality due to problems with KBr beam splitter. In this analysis, therefore, we considered six micro-windows in the spectral region between 3039.37 to 3051.90 cm −1 which are determined from ALFIP software (Notholt et al., 2004) .
The major absorption lines of interfering gases in these spectral micro-windows are H 2 O and CH 4 . There are also minor interferences from CH 3 D, CH 3 Cl, C 2 H 4 and solar lines. measured spectra (black line) and the corresponding simulated spectra (red), as well as the residual spectra (second and fourth row panels) in each micro-windows for one of the measurements taken on 27 May 2010. The residual spectra span a range of a maximum of +3 % to −3.2 %. Figure 3 shows averaging kernels matrix (left panel) while its rows shown (right panel) depict the same information, but more clearly the response in two different altitude ranges. For ideal retrieval for which the ozone profile is purely determined by measurement, the averaging kernel will be unit matrix. The full width at half maximum of the rows of the averaging kernel gives the vertical resolution, which is in the order of 9-15 km for the retrieved O 3 in this study. The sensitivity of the spectra to perturbation in VMR at each height is shown by well defined and sharp rows of the averaging kernel based on the a priori result. This means that the retrievals of O 3 are mainly sensitive in the altitude range of 16 to 40 km as indicated in Fig. 3 . Furthermore, the trace of the averaging kernel matrix, the so called degree of freedom for signals, provides another useful measure of retrieval quality of target species. The independent pieces of information retrieved from the observed spectra in the O 3 spectral micro-windows under the given retrieval strategy contain about 2.1 degree of freedom for signals (dofs). This provides 2 independent layers, which approximately covers the altitude range of 2.5 to 26 km and 26 to 40 km as marked by basically two dominant peaks of rows of averaging kernel in Fig. 3 (right panel) . The value of dofs obtained in this study is relatively small as compared to the values reported in the literatures (e.g. Lindenmaier et al., 2010; Schneider et al., 2005a) . Different degrees of freedom for signal can be obtained due to application of different micro-windows with different spectral resolution and the choice of a priori covariance matrix. Wunch et al. (2007) reported 2.1-2.4 dofs for ozone retrieval by applying micro-windows near 2775 and 3040 cm −1 with different spectral resolution during instruments intercomparison campaign at University of Toronto. The ozone peak altitude over tropics as found in this measurement is around 32 km. This altitude is higher than the corresponding ozone peak altitude at higher latitudes which are in the order 25-28 km in most cases. This difference in ozone peak altitude could be one of a possibility for small degree of freedom since profile information from measurement is a function of strength of pressure broadening.
The contribution of different sources of errors that contributed to the quality of measurement of the target gas is displayed in Fig. 4 . Figure 4 shows the statistical error (left panel) and systematic error (right panel) profiles for a typical O 3 retrieval. The major sources of errors quantified in this study include temperature, measurement noise, instrumental line shape, solar lines, line of sight, zero baseline offset and spectroscopy. One can note from Fig. 4 that the main systematic error source is the uncertainty of spectroscopic parameters, whereas the major statistical error source is measurement noise. The contribution of error from uncertainty in solar lines and line of sight to O 3 profile retrieval is the lowest. The maximum estimated systematic and statistical error budget reach up to 0.6 ppmv around 31 km and 0.2 ppmv at 35 km, respectively. The main systematic error sources for partial columns for the O 3 retrieval from groundbased FTIR are O 3 line intensities and air broadening coefficients (Barret et al., 2002 (Barret et al., , 2003 which could partly explain the observed biases. Whenever averages are calculated on the basis of log retrievals, this might be causing bias for trace species with large vertical gradient. Though, the extent of such impact on ozone has not yet fully characterised, there is a possibility that it might have some influences. By adding up systematic and statistical error sources for a given altitude and then integrating it along the error patterns (Rodgers, 2000) , we found the total systematic and random error of O 3 total columns to be 2.1 % and 0.8 %, respectively. The total systematic error on the total columns is in good agreement with those found in Viatte et al. (2011) , and references therein. But the total random error for the total columns estimated in this study is 0.3 % higher than those reported by Viatte et al. (2011) , which might be linked with a difference in spectral resolution.
Satellite measurements
Microwave Limb Sounder (MLS)
The Earth Observing System (EOS) Microwave Limb Sounder (MLS) is one of four instruments on the NASA EOS Aura satellite (Schoeberl et al., 2006) , launched on 15 July 2004 into a near polar sun-synchronous orbit at an altitude of 705 km, with ascending equatorial crossing time of 13:45 (local time). The Aura-MLS instrument, calibration and performance for the different channels are described by Jarnot et al. (2006) . In this work, we have used version 2.2 of MLS O 3 dataset for comparison to FTIR result. The MLS version 2.2 O 3 profiles is the standard ozone product retrieved from radiance measurements near 240 GHz. It has been extensively characterised and validated Jiang et al., 2007; . More details regarding the MLS experiment and O 3 data screening are provided in the above references in detail and at http://mls.jpl.nasa.gov/data/datadocs.php.
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS)
The MIPAS instrument is a high-resolution atmospheric limb sounder aboard ESA's ENVISAT launched in March 2002 and operating in a sun-synchroneous orbit. It aims at global and simultaneous measurements of the chemical composition of the middle atmosphere and upper troposphere. The pointing system allows MIPAS to observe atmospheric parameters in a maximum altitude range of 5-160 km with a vertical spacing of 1-8 km depending on the altitude and the measurement mode (Fischer et al., 2008 
Tropospheric Emission Spectrometer (TES)
The Tropospheric Emission Spectrometer (TES) launched into sun-synchronous orbit on aboard Aura, the third of NASAs Earth Observing System (EOS) spacecraft, on 
Ozone Monitoring Instrument (OMI)
Ozone Monitoring Instrument (OMI), is one of the four instruments on EOS-Aura. OMI is a Dutch-Finnish built nadir-viewing UV/visible instrument. It has been measuring backscattered radiances in three channels covering the 264-504 nm wavelength range (UV-1: 264-311 nm, UV-2: 307-383 nm, visible: 349-504 nm) at spectral resolutions of 0.42-0.63 nm . In this study, we have used OMI level 3-D ozone total column amounts for comparisons. OMI total ozone column measurements have been evaluated by comparison to Brewer and Dobson spectrophotometer ground-based observations (Balis et al., 2007) . More details about the instrument and its scientific objectives can be found in the Science Requirements Document for OMI-EOS (http://aura.gsfc.nasa.gov/).
Atmospheric Infrared Sounding (AIRS)
The Atmospheric Infrared Sounder (AIRS) instrument is one of several instruments onboard the Earth Observing System (EOS) Aqua spacecraft launched 4 May 2002. The AIRS instrument has been operating to scan the Earth's atmosphere in nadir viewing. AIRS daily Level 3 version 5 O 3 standard products are considered for comparison and its spatial resolution is 1 • latitude and 1 • longitude. Further details about the overview of AIRS instruments can be found in Young-In Won (2008) and at http://disc.gsfc.nasa.gov.
Global Ozone Monitoring Experiment (GOME-2)
The Global Ozone Monitoring Experiment (GOME-2) aboard MetOp-A is a scanning spectrometer that captures light reflected from the Earth's surface and backscattered by the atmosphere. The spectrometer splits the light into its spectral components covering the UV/VIS region from 240 nm to 790 nm at a resolution of 0.2 nm to 0.4 nm. Error analysis indicates an accuracy and precision of O 3 total columns of 3.6-4.3 % and 2.4-3.3 %, respectively, when the solar zenith angle is below 80 • (Van Roozendael et al., 2004) . Total ozone columns derived from this algorithm have been validated using ground-based networks (Balis et al., 2007 (Balis et al., , 2008 . Further details of the document can be obtained from http://wdc.dlr.de/sensors/ gome2. In this paper, we have used O 3 columns from GOME-2 Level 3 data.
Comparison of FTIR O 3 VMR profiles and column amounts with MLS, MIPAS, TES, OMI, AIRS and GOME-2 observations
Comparison methodology
The closest satellite measurements (on the same day as the ground-based FTIR measurements) within ±2 degrees of latitude and ±10 degrees of longitude are selected for intercomparison. The more stringent latitudinal criterion has proven to be a good choice for all comparisons, since latitudinal variations are, in general, more pronounced than longitudinal ones. These criteria yielded 67, 14, 6, 60, 57 and 42 days of coincident measurements between FTIR and MLS, MI-PAS, TES, OMI, AIRS and GOME-2, respectively. All the satellite data (MLS, MIPAS, TES, OMI, AIRS and GOME-2) used in the following comparisons have considerably better vertical resolution than ground-based FTIR profiles due to observation geometry, spectral windows and measurement techniques. The vertical resolution of satellite measurements of profiles are, therefore, degraded to facilitate a comparison between the two sets of profiles. Therefore, the satellite
Fig. 6. Statistics for intercomparison of O 3 VMR profiles between FTIR and satellites instruments (MLS, MIPAS and TES). Top: mean of the differences and its standard deviation (shown as error bar) for FTIR-MLS (left), FTIR-MIPAS (middle) and FTIR-TES (right)
. Bottom: the same as top panels but for relative differences. measurement profiles are smoothed using the averaging kernels calculated during the ground-based FTIR retrieval process as proposed by Rodgers and Connor (2003) . The techniques described have been validated against other measurements of O 3 at different locations (e.g. Hoogen et al., 1999; Lucke et al., 1999; Schneider, 2002; Mengistu Tsidu, 2005) . The equation relating FTIR and satellites can be given bŷ
where x Sat is the original satellite measurement profile,x s is the smoothed profile, and x a andÂ FTIR are the a priori profile and the averaging kernel matrix of the ground-based FTIR instrument, respectively. To calculate the profile of the mean absolute difference, the differences are calculated for each pair of profiles at each altitude, and then averaged at altitude z as
where N (z) is the number of coincidences at z, FTIR i (z) is the FTIR VMR at z and the corresponding Sat i (z) VMR for the validation instrument. Note that the term absolute, as used in this work, refers to differences between the compared values, in VMR as opposed to percentage or relative differences, in other words: absolute differences can be negative.
To calculate the profile of the mean relative difference, as a percentage, we used
In some cases, there seems to be a discrepancy between the apparent differences given by the sign of the mean absolute and mean relative differences. This arises due to the fact that the mean relative differences are not calculated from the mean VMR profiles, but from each pair of coincident profiles (Eq. 4). Thus, the mean relative differences can become negative, even though the mean absolute differences are positive. A comparison of the total column amounts between FTIR and its correlative measurements has been done by employing the FTIR averaging kernels for smoothing. The relative differences of the total column amounts between FTIR and its correlative measurement from MLS, TES, OMI, AIRS and GOME-2 instrument for coinciding dates can be defined as
) × 100 (6) MLS 67 2.8 ± 2.8 TES 6 −7.9 ± 7.3 OMI 60 −0.9 ± 3.5 AIRS 57 −9.0 ± 5.7 GOME-2 42 0.2 ± 2.0 where "TC" represents total column amount and Sat i (TC) refers to correlative satellite measurement. Moreover, data are screened to reject either the whole profile or identified low-quality measurements at some altitudes from each instrument according to the recommendations provided by each calibration and processing team. mean differences within ±10 % in the middle stratosphere, which is also comparable to the differences found in the comparison of O 3 VMR profiles of FTIR with MIPAS in this study.
Intercomparison of VMR profiles
Top-right and bottom panels of Fig. 5 show an example of the comparison of O 3 profiles derived from groundbased FTIR with profiles from TES at Addis Ababa on 27 May 2010. The comparison result reveals that TES O 3 VMRs are slightly larger than FTIR measurements above 35 km. The largest absolute difference is about −0.7 ppmv and the corresponding relative discrepancy is about −6 % at the altitude of 27 km. Figure 6 (right panels) show the statistical relationship for 6 coincident measurements for O 3 profiles. The mean relative differences lie between −10.5 to +4.0 % in the altitude range of 11.7-36.3 km where the mean absolute differences are within −0.6 ppmv to +0.3 ppmv. TES ozone data have been evaluated by comparison to ozonesondes (e.g. Nassar et al., 2008; Worden et al., 2007) . For example, Nassar et al. (2008) reported differences that exceeds 20 % at low altitudes over tropics.
Inter-comparisons depicted in Figs. 5-6 show differences on the level of agreement between correlative measurements as a function of altitude. There is apparent difference between troposphere and stratosphere presumably due to the difference in the role of dynamics and chemistry. Furthermore, the discrepancy of the result could be partly explained by known contributions to the systematic error budget of the comparison. Figure 7 (left top panels) depicts the comparisons of daily time series of O 3 stratospheric columns of FTIR and MLS. The left top panel in Fig. 7 shows the results of FTIR measurements and of collocated MLS data while in the right top panel, the relative difference between them is displayed. As evident from Table 2 , a mean relative difference of (2.8 ± 2.8) % reveals that this is statistically significant. In general, FTIR column amounts are about 2.8 % higher than MLS values, which is slightly less than the total uncertainty of FTIR O 3 column amounts of the measurements.
Intercomparison of column amounts
FTIR O 3 total columns are also compared to TES measurements. Figure 7 (bottom panels) displays the comparisons of time series of O 3 total columns of FTIR and TES. On 6 occasions, the mean relative difference of FTIR data is (−7.9 ± 7.3) %. This would suggest that they are in good agreement. We did not compute the correlation coefficient because the sample size is small. Figure 8 (left top panels) depicts the comparison of O 3 total columns of FTIR and AIRS. The 57 coincident days are found based on the coincidence criteria given in Sect. 5.1. The right top panel shows the relative differences between Fig. 9 . Scatter plot of columns amount of O 3 measured by ground-based FTIR versus those observed by MLS, OMI, AIRS and GOME-2. In all panels, the red line shows linear fit line of the data pairs that are intercompared. The slope and "R" for the comparisons are also shown in the panels. The black solid line shows the one-to-one line of 100 % correlation.
FTIR and AIRS total columns. The relative differences between the FTIR and AIRS total columns are generally within the range of +5 % to −20 %. This suggests that the absolute difference of the column amount is bounded within ±1.3 × 10 18 mol cm −2 . In general, the mean relative difference is found to be (−9.0 ± 5.7) % (see Table 2 ). Figure 8 , left middle panel, shows the comparisons of time series of O 3 total columns of FTIR and OMI over Addis Ababa. Based on the coincidence criteria given in Sect. 5.1, 60 coincident days are found. A very good agreement is observed between FTIR and OMI measurements since the overall mean relative difference between them shown in Table 2 is (−0.9 ± 3.5) % which is statistically insignificant. The mean relative difference of our result is slightly higher than the mean relative differences of the previous comparisons between FTIR and OMI made by Viatte et al. (2011) . The FTIR measures systematically higher O 3 total columns than the OMI instrument, which may be due to the difference in spectral regions, UV in OMI case and mid-infrared in FTIR case (Viatte et al., 2011, and references therein) .
FTIR O 3 column amounts have been compared to GOME-2 measurements as shown in the bottom panels of Fig. 8 . Based on the coincidence criteria, 42 coincident days are found. The right lower panel shows the relative difference between FTIR and GOME-2 total column amounts. In general, the mean relative differences between FTIR and GOME-2 total columns are 0.2 ± 2.0 %. This indicates that there is better agreement between FTIR and GOME-2 measurements. The most likely explanations for the differences between the measurements are known bias between the UV and IR spectroscopy. However, the difference is statistically insignificant. The mean relative difference of 1.8 % agrees with the previous comparison study (Viatte et al., 2011) .
The comparison of FTIR measurements of O 3 column amounts has been done with different instruments such as Brewer spectrometer (Schneider et al., 2005) with very small differences in contrast to satellite measurements from Improved Limb Atmospheric Spectrometer-II (ILAS-II) (Griesfeller et al., 2006) with the relative differences within 10 to 15 % for vertical VMR profiles. Senten et al. (2008) reported that mean relative differences between ACE-FTS and ground-based FTIR vary between −14 and +12 %, in the middle troposphere (∼ 6 km) up to the stratopause (∼ 47 km) which are similar to the results presented here.
The correlation coefficient between FTIR and MLS column amounts is also depicted in Fig. 9a (left top panel) . The correlation coefficient of 0.86 suggests strong relationship between the two datasets. For further understanding of the differences between FTIR and AIRS comparison, we examined the correlation between the instruments. Figure 9 , left bottom panel, displays the correlation between FTIR and AIRS column amounts of O 3 for the given coincident data as characterised by the correlation coefficient of 0.60. Righttop panel of Fig. 9 shows a good correlation of 0.90 between FTIR and OMI data for the coincident periods.
Some of the differences between the FTIR and satellite observations could have arisen from a strong gradient in ozone spatial and temporal variations, even though there is no large difference in space and time for the criteria used to determine coincident measurements. The tropics are well characterised by strong dynamics so that it could contribute to the variation of ozone amount. As reported by Mengistu Tsidu and Ture (2013), there is also strong interaction between tropics and midlatitude as well as stratosphere-troposphere exchange during Rossby wave breaking bringing in filaments of rich ozone airmass into the tropics. While massive airmass exchange, such as that due to Rossby wave breaking, can be captured by all instruments, there is a possibility whereby ozone filaments could be undetected by the satellite observations. Furthermore, different spectroscopic windows used by FTIR and other instruments used for this comparison might have also some contribution to the observed differences.
Conclusions
Ground-based FTIR spectrometry is a very useful technique to derive total column amounts and vertical profiles of many important trace gases in the atmosphere. This measurement site is located in a tropical region which is poorly constrained by ground-based instruments. As it provides unique information on the African continent, these measurements are of great importance for a better understanding of global climate and physical and chemical processes of the tropical atmosphere as well as for satellite validations.
A good agreement is determined from the intercomparison of O 3 profiles and column amounts from FTIR with that from the satellites instruments. The comparison of FTIR measurement of O 3 with that of MLS yields the mean relative differences of +11.0 to −18.8 % between 16.6 and 39.1 km, whereas comparison with MIPAS shows mean relative difference of ±18.4 % above 24.8 km. Similarly, comparison of FTIR with TES shows that the mean relative differences/absolute differences lie between −10.5 to +4.0 % (−0.6 ppmv to +0.3 ppmv) in the altitude range of 11.7-36.3 km. In general, minimum differences are observed at the region of peak ozone concentration. On the other hand, large differences are seen in the UTLS, which is partly explained by the effect of strong atmospheric gradients, since the UTLS regions oscillate back and forth with season and weather. The overall comparisons of column amounts of O 3 from satellite and the ground-based FTIR instruments show better agreement with mean relative differences within +0.2 % to +2.8 % and corresponding standard deviations of +2.0 % to +2.8 % for MLS and GOME-2; whereas, the mean relative differences are within a range of −0.9 to −9.0 % for intercomparison with OMI, TES, AIRS instruments.
The intercomparisons of O 3 VMR and column amounts from ground-based FTIR and several satellites reported in this work establish two major features that characterise both satellite and FTIR instruments. First, the good agreement between the O 3 VMRs and column amounts from FTIR with corresponding observations from satellites builds confidence in the FTIR observations. Second, though the satellite observations are already validated elsewhere, this is the first time observations of ozone from these instruments are compared with ground-based FTIR observations over tropical Africa. As a result, the observed agreement between the FTIR ozone observations with that of satellite observations builds also confidence in the validity of satellite observations over this particular region. Furthermore, the results of this intercomparison of FTIR observations with the satellites can ensure that FTIR observations can now be used to validate existing and future satellite missions.
